The heritability coefficients and the genetic gains associated with individual, combined and among and within progeny selection, and with multi-effect index selection in long-term rubber tree [Hevea brasiliensis (Willd. ex Adr. de Juss.) Muell.-Arg.] breeding were determined using effective population size (Ne) restriction. Twenty-two half sib progenies were planted at the Jaú Experimental Station, São Paulo State, Brazil, in a complete randomized block design, with five replications and 10 plants per plot. The following traits were assessed when the plants were three years old: number of laticiferous vessel rings (NR), dry rubber production (RP), bark thickness (BT) and stem girth (SG). Significant variability was found among progeny with good chances of obtaining genetic gain for RP, BT and SG. Effective population size restriction caused a greater reduction in genetic gain for RP with combined selection and with the multi-effect index than for individual or among and within progeny selection. The simultaneous use of accuracy values and genetic gain from the lower limits of the confidence intervals for gain indicated that individual selection is to be preferred in Hevea breeding programs.
INTRODUCTION
Rubber tree improvement [Hevea brasiliensis (Willd. ex Adr. de Juss.) Muell.-Arg.] has been achieved by incorporating new sources of genetic variability to yield high rubber production and disease resistance, especially against South American leaf blight. Suitable leaf diseasefree areas have been chosen for cultivation, and São Paulo State has become the largest dry rubber producer in Brazil (Boock et al., 1995) . In contrast, the rational use of genetic variability in natural rubber tree populations has been minimal (Paiva and Kageyama, 1993) .
Progeny tests, one of plant breeder's most important tools, have been used to estimate genetic parameters and to select among the progenies. These tests have also been used on rubber to assess the magnitude and nature of the available genetic variance to quantify the gains with selection and to predict the best selection method (Gonçalves et al., 1985 (Gonçalves et al., , 1996 (Gonçalves et al., , 1999 Moreti et al., 1994; Boock et al., 1995) . The adequate use of progeny tests requires knowledge of the heritability and accuracy associated with the selection units and genetic progress in the cuttings or clones.
The simultaneous consideration of genetic gain and accuracy becomes more meaningful when the confidence intervals for the genetic gains are known. In general, the more accurate methods have narrower limits for the interpretation of confidence intervals. Thus, the lower rather than the upper limits of the intervals should be considered when choosing the best selection method, since methods with higher lower limits are better because they allow safer selection.
Appropriate selection procedures should be determined by comparing the genetic progress and increase in inbreeding provided by the different selection methods used. Resende and Bertolucci (1995) emphasized that selection based only on genetic values may lead to inbreeding depression in an advanced generation. The main causes are self fertilization and the presence of related individuals in the reproducing populations, the loss of favorable alleles and the difficulty of attaining selection limits in breeding populations because of a reduction in the effective population size (Ne).
Genetic variability in a breeding population needs to be preserved to sustain a long-term breeding program. This may be done by maximizing the genetic gain, while restricting the Ne.
Long-term genetic gain depends on the potential genetic variability, i.e., variability which is maintained throughout the selective cycles and is released by recombination at the end of each such cycle. Thus, the question of establishing breeding populations should be analyzed by considering selective limits theory (Robertson, 1960) . The safest approach (without risk of favorable allele loss) to reaching the selection limit of the populations involves the maintenance of a compatible Ne.
Maximization of genetic gain in rubber tree (Hevea) breeding with effective size restriction Since there is little information on Ne for rubber tree, there is a need to examine the genetic gains obtained by different selection methods. Individual selection (among and within progenies), as well as combined and multi-effect index selection should be compared, in order to maintain the genetic variability while increasing inbreeding within the population. Selection based on the multi-effect index maximizes the genetic progress of a trait, independent of the experimental structure, primarily because this index is a product of the phenotypic values of the individual, plot mean, family mean, block mean and general mean of the experiment, expressed as weighted coefficients of the index (Resende and Higa, 1994) . Resende and Bertolucci (1995) showed that selection by the multi-effect index was always superior to combined selection since it produced greater genetic gain, accuracy, effective population size and intensity of selection. We estimated the magnitudes of the heritability coefficients in the rubber tree and compared the genetic gains provided by individual, combined and multi-effect index selection, using the restriction of Ne and the lower confidence limit for gain as parameters.
MATERIAL AND METHODS
The genetic material consisted of 22 half-sib progenies from open pollinated seeds, obtained from 22 parental clones phenotypically selected in an H. brasiliensis population of Asian origin established at the Campinas Experimental Station (IAC) in 1952. The experiment was set up at Jaú Experimental Station (latitude 22 o 17'S, longitude 48 o 34'W and 580 m altitude). The soil is clay textured dark red latosoil, deep and flat with a well-drained topography. An Aw (Köppen) climate predominates in this region, with a defined dry season, annual mean temperature of 21.6°C, average humidity of 70% with extremes of 77% in February and 59% in August. The mean annual rainfall is 1,344 mm.
The seeds were collected at the IAC, placed in polyethylene bags and germinated at the experimental station and taken to their definitive locations when they showed two leaf umbrellas. The seedlings were set out in a randomized complete block design with 22 treatments, five replications and 10 plants per plot spaced 1.5 m apart in single rows.
The following traits were assessed in the progenies when they were three years old: a) Dry rubber production (RP): obtained by the Hamaker-Morris-Mann (HMM) test modified for three-yearold seedlings (Tan and Subramanian, 1986 ) using the mean dry rubber production from three series of 10 tappings per plant. The tapping panel was opened 20 cm from the soil, using the 1/2S d/3 system, in a total of 35 cuts, discarding the first five samples which corresponded to the "breaking in of the panel" stage. The term 1/2S corresponds to the half spiral and the term d/3 indicates the interval between tappings, i.e., tapping every three days. b) Stem girth (SG): determined at 50 cm from the soil, with the help of a graduated tape measure, and expressed in centimeters. c) Bark: Two bark samples were removed from the stem as plugs at 15 cm from the soil and the following parameters then determined: 1) bark thickness (BT): measured in mm with a pachymeter and 2) total number of rubber vessel rings (NR): assessed by examining a longitudinal radial section of the bark sample.
The statistical model analysis considered all variables (except the mean) as random effects: Estimates of the genetic and phenotypic parameters were obtained using the SELEGEN genetic statistical software developed by . The heritability coefficient at the individual within plot level (h 2 ), progeny mean (h 2 ), plot mean (h 2 ), individual within blocks (h 2 ) and individual plants (h 2 ) associated with the different effects of the linear model were estimated by the following expressions (Resende and Higa, 1994) .
where: σ 2 = 4σ 2 , σ 2 = additive genetic variance, σ 2 = among plots environmental variance, σ 2 = among plants within plots phenotypic variance, σ 2 = among progenies genetic variance, n = number of plants/plot and b = number of blocks.
The coefficients of genetic (CV g %) and experimental (CV e %) variation were estimated using the formulas presented by Vencovsky (1987) :
where σ 2 = genotypic variance at the family mean level, σ 2 = phenotypic variance at the individual level, σ 2 = residual variance at the plot level, r = genetic correlation coefficient among individuals of a single progeny (1/4 for half sibs) and n, b, p = number of plants per plot, block and progeny, respectively.
The accuracy parameter is a very useful measurement of the precision of the genetic values predicted and corresponds to the correlation between the true and the predicted genetic values. The confidence intervals for the genetic gains were obtained by estimating the variance of the error associated with the predicted additive genetic values :
where t = tabulated value associated with Student´s t distribution, N = number of individuals selected and r 2 = selective accuracy associated with different selection methods.
The effective population size, assuming a cross pollinating population, was calculated as described by Vencovsky (1978) for selection in both sexes using non-related progeny structures.
where P s = number of selected progenies, n = mean number of selected individuals and σ 2 = variance of the number of selected individuals.
The following relationships were derived from the expression described by Resende and Bertolucci (1995) :
CV e (%) = . 100
Estimates of the genetic values and the genetic progress were obtained by individual (I i ), among (I a ), within (I w ), on combined (I c ) selection and by the multi-effect index (I me ) in univariate situations, using the expressions described by Resende and Higa (1994) :
where h 2 ie is the heritability coefficient in the restricted sense at the individual level in the experiment, X ijk is the value of the kth individual in the ijth plot, X is the general experimental mean, X i.. is the family mean, X ij.. is the plot mean, X ijk is the deviation of the individual value (plot) and X .j. is the block mean.
The progress with selection among and within progenies was equivalent to the sum of the gains obtained in the selection among and within progenies, whereas the progress with combined selection was equivalent to the mean of the genetic values (index) of the selected individuals.
Selection by the multi-effect index was based on the product of the individual phenotypic value, plot mean, family mean, block mean and the general mean of the experiment using the index-weighting coefficients.
The index-weighting coefficients were determined to maximize the correlation between the index and the genetic value. This maximization was obtained by regressing the genetic value on the phenotypic values, which leads to a matrix system (Henderson, 1963) .
The following accuracy estimators derived by ( ( N e = 4P s .n/(n + 3) The following biometrical concepts were applied to the production population: a) Probability of identity by descent or inbreeding coefficient (reflects self pollination and crossing among related individuals)
Inbreeding depression (H) was considered to change at the same rate as F and therefore,
where F s = inbreeding coefficient of individuals from self pollination.
RESULTS AND DISCUSSION
There were significant among family differences for all the traits (F-test, Table I ). This variability was an essential condition for establishing a breeding program to increase rubber production.
The experimental coefficients of variation (CV e %) obtained for NR, BT and SG (Table I ) may be considered low and indicate good experimental precision and good assessment criteria. The CV e for RP indicated that this parameter was subject to greater experimental errors. However, the RP value was considered average when compared to the estimates of Paiva et al. (1982) and Alves et al. (1987) . These authors obtained CV e for RP of 38.3 and 50.4% and levels of RP similar to that reported by Moreti et al. (1994) .
The coefficients of genetic variation, expressed as percentages of the general mean, were higher for RP, BT and SG, indicating greater genetic variation for these traits. These results agree with those of Gonçalves et al. (1983) , Moreti et al. (1994) and Boock et al. (1995) and confirmed the variability in the species detected by the progenies F-test. The results also indicate that the breeding program for increased productivity can be continued.
At the individual level, the heritability estimates for NR, RP, BT and SG (Table II) can be considered low. However, they agree with those reported elsewhere for this species Alika and Onokpise, 1982; Paiva et al., 1982; Alika, 1985; Boock et al., 1995) .
The effective population size required to obtain a genetic gain in the long term has been the subject of several theoretical studies (Robertson, 1960; Rawlings, 1970; Vencovsky and Godoy, 1976; Kang, 1979 ; Pereira and 1 The degrees of freedom for replications, progenies and residual were 4, 21 and 84, respectively. *P < 0.05; **P < 0.01. Vencovsky, 1988) . In the present study, the approach of Pereira and Vencovsky (1988) , in which the heritability and inbreeding coefficient of the population are taken into account, was used to choose an Ne = 50. This value was suitable for the heritability of the rubber production trait (h At the same intensity of selection (N = 50) the best methods for genetic gain were selection by the multi-effect index (6) and combined selection (5). However, these methods yielded lower Ne values. The restricted Ne of 50 reduced the selection intensity and the best methods were individual selection (1) and among and within progeny selection (4). Restricting the number (n) of individuals selected by progeny (method 4) was advantageous compared to the reduced intensity of selection (methods 2, 5 and 6). Restricting the number of individuals selected per progeny was another alternative for increasing the value of Ne which also led to a reduction in the variance of n.
Among several alternatives for restricting NE to 50, the best one was that which restricted n = 3 individual selection (Tables III and IV) . For combined selection, the best alternative was n = 7, whereas for the multi-effect index the best alternative was n = 7 (Table IV) .
Based on results for Ne restriction, there was no superiority in terms of genetic gain for combined selection and/or the multi-effect index over individual selection. Ne restriction caused a greater reduction in genetic gain with combined selection and the multi-effect index than with individual selection; this reduction was less expressive with the multi-effect index.
A breeder's decision should be based not only on genetic gain but also on the accuracy of selection and confidence intervals of the genetic gain. The reliability of the genetic value predicted depends mainly on accuracy (Van Vleck et al., 1987) , and a reduced accuracy may produce considerable errors in the predicted values. emphasized that the choice of the best selection method should be based on the simultaneous use of accuracy and genetic gain, using the confidence intervals of the genetic progress (Table V) .
Based on the above results, the best selection method for Hevea was individual selection, since the restriction n = 3 resulted in the greatest genetic gain and lowest lower limit of the confidence interval for gain (Tables IV and V) . This approach should provide the breeder with a greater chance of maintaining an effective population size compatible with that required to achieve the selective limit of the breeding population. 
RESUMO
O presente trabalho objetivou estimar os coeficientes de herdabilidade e comparar os ganhos genéticos obtidos através dos métodos: seleção individual, entre e dentro de progênies, combinada e índice multi-efeitos, considerando-se a restrição do tamanho efetivo populacional (Ne) com vistas ao melhoramento a longo prazo de uma população de seringueira [Hevea brasiliensis (Willd ex Adr. de Juss.) Muell.-Arg.]. Vinte e duas progênies de meio-irmãos foram plantadas na Estação Experimental de Jaú, SP, no delineamento de blocos ao acaso, com cinco repetições e dez plantas por parcela. Aos três anos de idade foram avaliados os caracteres: número de anéis de vasos laticíferos, produção de borracha seca, espessura de casca e circunferência do caule. Os resultados demonstraram haver variabilidade significativa entre progênies e grandes possibilidades de ganho genético para os caracteres produção de borracha, espessura de casca e circunferência do caule. A restrição do Ne promove maiores reduções do ganho genético na seleção combinada e no índice multi-efeitos que na seleção entre e dentro e individual, para o caráter produção de borracha. No presente estudo, a utilização simultânea dos valores de acurácia e ganho genético através do limite inferior do intervalo de confiança do ganho tornou preferível a utilização do método de seleção individual. Table IV -Estimates of genetic gain (G) and total number of individuals selected (N) for different selection methods, based on a restricted number (n) of selected individuals per progeny. The effective population size for rubber production was restricted to 50.
Selection method n = 3 n = 4 n = 5 n = 6 n = 7 
